The spinel Li 4 Mn 5 O 12 has been considered as a prospective 3 V cathode material for the next generation of lithium-ion batteries (LIBs) due to its high energy density and excellent cycling stability. However, the low operating voltage (∼3 V) makes Li 4 Mn 5 O 12 impractical for high-energy high-power LIBs. To address this issue, Ni and Fe dual doped Li 4 Mn 5-x-y Ni x Fe y O 12 has been prepared via a facile sol-gel method combined with post-heat-treatment. The effects of dual-cations doping on the crystal structure, morphology and electrochemical properties were investigated by X-ray diffraction (XRD), scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS) and galvanostatic charge/discharge analysis. As a result, Li 4 Mn 4 Ni 0.5 Fe 0.5 O 12 exhibits the highest reversible specific capacity of 133 mAh/g at a specific current density of 25 mA/g after 100 cycles and exhibits a significantly improved high voltage performance with corresponding capacity of ∼80 mAh/g at an average voltage of 4.7 V vs. Li/Li + and ∼122 mAh/g at above 4.0 V. Nowadays, extensive research efforts have been focused on the application of Lithium ion batteries (LIBs) on plug-in hybrid electric vehicles (PHEV) or electric vehicles (EV), 1-3 which require higher operating voltage, higher energy density, longer cycle life, high safety and low cost. 4, 5 In this regard, lithium manganese oxides (LMO) as promising cathode materials for LIBs have been widely studied over the past decade.
Nowadays, extensive research efforts have been focused on the application of Lithium ion batteries (LIBs) on plug-in hybrid electric vehicles (PHEV) or electric vehicles (EV), [1] [2] [3] which require higher operating voltage, higher energy density, longer cycle life, high safety and low cost. 4, 5 In this regard, lithium manganese oxides (LMO) as promising cathode materials for LIBs have been widely studied over the past decade. [6] [7] [8] [9] [10] [11] [12] Among this family, the 4 V spinel LiMn 2 O 4 has drawn wide attention due to its high operating voltage and good rate capability resulted from its 3D lithium ion diffusion in the spinel lattice, 13, 14 but one of the major drawbacks is that LiMn 2 O 4 suffers from fast capacity fading during cycling due to the manganese dissolution through a disproportionation reaction (Mn 3+ → Mn 2+ + Mn 4+ ) and structural change caused by the Jahn-Teller distortion of Mn 3+ . [15] [16] [17] [18] Recent studies have shown that these limitations can be restrained by increasing the average valence of Mn in LiMn 2 O 4 via doping some transition metal ions, such as Ni, [19] [20] [21] Co, 22 Fe, 23 Cr, 24 Mg, 25 Zn 26 etc. Among its variants, LiMn 1.5 Ni 0.5 O 4 has been widely reported to have a high operating voltage (∼4.7 V) and improved cycling performance due to the presence of all Mn as Mn 4+ and Ni as Ni 2+ . 27, 28 However, electrochemical performance of LiMn 1.5 Ni 0.5 O 4 is still unsatisfactory due to the formation of Li x Ni 1-x O impurity phase 29 and three cubic phases with large lattice parameter difference during charging/discharge process. 30 Recently, spinel Li 4 Mn 5 O 12 has attracted great interest due to its high theoretical capacity of 163 mAh/g in the 3 V region, three dimensional (3D) Li-ion transport pathway, and a good reversibility resulted from the stability of its crystal structure wherein all the manganese ions have a valence state of +4. = 5-x-y: x: y were separately dissolved in 50 ml distilled water, and 16 mmol lithium hydroxide was dissolved in 15 ml distilled water. Afterwards, the transition metal precursor solution was added dropwise into the lithium precursor solution under continuous stirring. Subsequently, the mixed solution was aged in air at 40
• C until the solvent was completely evaporated. To improve the crystallinity of the collected powders, sintering was performed at 900
• C for 3 h using a heating/cooling rate of 1
• C/min. After the furnace was cooled down to room temperature, the as-prepared doped spinel powders were obtained. For comparison purpose, the pristine Li 4 Mn 5 O 12 was also synthesized by the same method without adding the doping materials.
Material characterizations.-The crystal structure of the obtained powders was investigated by X-ray diffraction (XRD) using a Rigaku MiniFlex X-ray diffractometer with Cu Kα radiation. XRD Data was collected in the range of 10
• ≤ 2θ ≤ 80
• at a scan rate of 2
• /min at room temperature. The Morphology and elemental analysis of the samples were observed using field emission scanning electron microscopy (FE-SEM) on a FEI Quanta 3D FEG FIB/SEM dual beam system, which is equipped with energy-dispersive X-ray spectroscopy (EDS).
Electrochemical measurements.-Electrochemical properties of the synthesized Li 4 Mn 5-x-y Ni x Fe y O 12 (0.5 ≤ x + y ≤ 1.25) spinel cathode materials were evaluated using 2032-type coin cells. Typically, the cathodes were prepared by uniformly coating a homogeneous slurry of 80 wt% active material powders, 10 wt% acetylene black (conductive carbon, Alfa Aesar, 99.5%), and 10 wt% polyvinylidene fluoride (PVDF, Alfa Aesar) binder in 1-methyl-3-pyrrolidone (NMP) solvent on aluminum foils and then dried in vacuum at 120
• C for 24 h. Coin cells were assembled in an argon-filled glove box. The electrolyte was 1 M LiPF 6 dissolved in ethylene carbonate (EG), dimethyl carbonate (DMC) and diethyl carbonate (DEC) at a volumetric ratio of 1:1:1. The electrochemical performance was tested at various C-rate regimes in the voltage range of 3.2-5.0 V by using an 8-channel battery analyzer (MTI Corporation). 1C rate was defined as 250 mAh/g. Cyclic voltammetric (CV) measurement was carried out on a CHI605C electrochemical analyzer at a scanning rate of 0.1 mV/s between 3.2 V and 5.0 V vs. Li/Li + . All electrochemical measurements were performed at room temperature.
Results and Discussion
Crystallographic and morphology of pristine Li 4 • C. As reported in literature, this secondary layered phase contributes to a high capacity and meanwhile stabilizes the spinel phase when cycled in a broad voltage range. 42, 43 Detailed comparison of peak shift can be found in the selective patterns in the range of 18-19.5
• The variation in lattice parameter (a) and the corresponding unit cell volume (V) of the samples are calculated from the XRD data, as presented in Table I . For pure Li 4 Mn 5 O 12 , its lattice parameter and Fig. 3b . Moreover, as shown in the EDS mapping in Figs. 3c-3d with the green and red dots representing Ni and Fe element respectively, it is clear that Ni and Fe dopants are distributed homogeneously in the sample, suggesting the well-prepared dual-doped cathode material via a facile sol-gel method combined with post-heat-treatment. In addition, as detected by SEM-EDS using spot analysis, Fig. 4 that discharge profiles of Ni-doped and (Ni, Fe)-doped cathodes at the 50 th and 100 th cycles are almost identical, showing no noticeable decrease of the high-voltage plateau during long-term cycling, which proves excellent cycling stability of cubic spinel structure. Cyclic voltammograms (CV) measurements in a voltage range of 3.2-5.0 V vs. Li/Li + at a scan rate of 0.1 mV/s at room temperature are carried out to further explore electrochemical characteristics of the doped cathode materials. As described in the experimental part, the doped samples are prepared via a facile sol-gel method combined with post-heat-treatment at 900
• C for 3 hours. It is well known that all the manganese ions in pure stoichiometric Li 4 22 and Ohzuku et al. 41 It is also noted the CV curves of all the (Ni, Fe)-doped cathode materials are almost identical in the extended cycles (3  rd and  4 th ), suggesting improved electrochemical reversibility compared to pristine Li 4 Mn 5 O 12 .
Conclusions
To achieve both high voltage and high capacity of spinel EDS results, such enhanced electrochemical performances can be attributed to redox couples Ni 2+/3+/4+ and Fe 3+/4+ of the doping ions and the unique nano/micro structure of the doped cathode materials consisting of nano-sized particles embedded on the surface of microsized particles. In addition, the doping of Ni and Fe ions shows distinct effects on the morphology, crystal structure and particle size of the spinel cathode materials. Considering its facile synthesis method and remarkably improved electrochemical performance, (Ni, Fe)-doped Li 4 Mn 5 O 12 would be a promising high-voltage cathode material for high-energy high-power LIBs.
